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Abstract

During the last few years, the importance of videoconferencing has increased sig-
ni cantly. The switch to digital platforms for lectures and meetings has become
commonplace in both the private and business spheres. Additionally, the COVID-
19 pandemic has shown that digital meetings are not only a daily communication
tool but also a crucial part of our life which allows us to maintain a wide variety of
interaction means.

However, there is a problem that can be determined as a face-to-face interchange
loss tendency. Especially for presenters, non-verbal cues from the audience are
limited. The constraints of existing videoconferencing platforms exacerbate this
problem. These are primarily presented in visual form on the screen. To improve
the experience in digital conferences and reduce the visual load of the user, we
investigate further possibilities for noti cation techniques. We intend to provide
feedback for users not only through the visual channel but also through haptic or
auditory channels.

For this purpose, we developed a prototype in the form of a wristband. This wrist-
band enables the transmission of information using visual, haptic, and auditory
signals. We conducted a study with 16 participants in order to investigate the use-
fulness of the device for the users. This study analyzed, among other things, the
effectiveness of the device, the user experience, and the workload. Therefore, the
signals coming from the wrist-worn prototype were compared to the visual no-

ti cations already integrated into the video platform Zoom. The results indicate
that the users could perceive the presented signals from the wristband in a better
and more pleasant way. Splitting the signals across different sensory channels also
signi cantly reduced cognitive load.
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Uberblick

Die Bedeutung von Videokonferenzen hat in den letzten Jahren stark zugenom-
men. Das Ausweichen auf digitale Plattformen f r Vortr &ge und Treffen ist heutzu-
tage sowohl im privaten als auch im gesch aftlichen Bereich zum Alltag geworden.
Zusatzlich hat die COVID-19 Pandemie gezeigt, dass diese digitale Treffen nicht
nur m dglich, sondern auch notwendig sind, um verschiedenste Interaktionen und

Kommunikationen aufrecht erhalten zu k dnnen.

Ein bestehendes Problem ist jedoch, dass ein GroR3teil des perénlichen Aus-
tausches verloren geht. Vor allem flir vortragende Personen sind die M oglichkeiten
nonverbale Signale des Publikums zu erhalten und wahrzunehmen reduziert.
Dies wird durch die begrenzten Instrumente der existierenden Plattformen f Gr
Videokonferenzen verstarkt. Diese werden meistens in visueller Form auf dem
Bildschirm dargestellt. Um das Erlebnis in digitalen Konferenzen zu verbessern
und die visuelle Auslastung des Nutzers zu reduzieren, untersuchen wir weitere
Moglichkeiten flr Benachrichtigungstechniken. Diese sollen den Nutzern nicht
nur auf visuellem Weg, sondern auch auf haptischen oder auditiven Kan &alen Op-
tionen bieten, Ruckmeldungen zu erhalten.

Fir diesen Zweck wurde in dieser Arbeit ein Prototyp in Form eines Armban-
des entwickelt. Dieses Armband erm dglicht die Ubermittlung von Informationen
durch visuelle, haptische und auditive Signale. Um den Nutzen f (r die Anwen-
der zu untersuchen, haben wir eine Studie mit 16 Probanden durchgef thrt. In
dieser Studie wurden unter anderem die Effektivit at des Gerates, die Benutzer-
erfahrung und die Arbeitsbelastung analysiert. Dazu wurden die vom Armband
ausgehenden Signale mit den bereits integrierten visuellen Benachrichtigungen in
der Videokonferenzplattform Zoom gegen Ubergestellt. Die Ergebnisse deuten da-
raufhin, dass die Nutzer die gegebenen Signale und Rickmeldungen durch das
Armband besser und angenehmer wahrnehmen konnten. Die kognitive Belastung
wurde durch die Aufteilung der Signale auf verschiedene sensorische Kan ale zu-
dem deutlich reduziert.
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Conventions

Throughout this thesis we use the following conventions.

Text conventions

Source code and implementation symbols are written in
typewriter-style text.

The whole thesis is written in American English.

The singular "they” refers to unidenti ed third persons.






Chapter 1

Introduction

Public speaking is a fundamental part of everyday work in During the last few
academic and educational elds: for professors, students, years, the

and researchers, as well as in the industrial sector. Presen- importance of
ters often explain concepts, ideas, and projects to their au- videoconferencing
diences or inform their colleagues about the latest results has increased
and ndings. Especially in recent years, due to the pan- signi cantly.

demic (COVID-19), it has become increasingly common to
hold presentations and lectures online "in front of a mon-
itor". However, online meetings are not a complete sub-
stitution and effective adaptation for real conferences and
meetings where audience feedback is either very limited
or missing [Murali et al., 2021, Lee et al., 2022]. Face-to-
face meetings are more personal, interactive, and authentic
than online meetings, where communication bandwidth is
limited and non-verbal social cues are dif cult to recognize
[Lee et al., 2022]. Murali et al. discovered in their research
that 83% of surveyed employees at a large technology com-
pany miss audience feedback during online presentations.
Getting feedback from the listeners is necessary to guaran-
tee that the information is delivered and to keep the audi-
ence involved and attentive [Hassib et al., 2017]. Therefore,
the lack of audience feedback is a potential source of anxi-
ety in public speaking [Maclintyre et al., 1997].

These problems are related to the constraints of today's
videoconferencing applications, which provide limited
screen space to presenters, signicantly impacting the
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The visual sensory
channel is
overloaded while
presenting due to the
limitations of existing
video conferencing
platforms.

Using different

noti cation
modalities can lead
to a better user
experience and
reduce perceptual
load.

Despite a large body
of literature on the
exploration of

noti cation, research
on noti cations in an
online meeting
environment is quite
limited.

potential of online communication [Murali et al., 2021].
Computer interfaces are usually based on visual feedback
for providing information to users [Freeman et al., 2017].
Presenting online is a highly cognitive task, where visual
perception is often overloaded [Murali et al., 2021]. It is
common for video conferencing application tools such as
Zoont that chat questions from the audience or other user
reactions tend to be unnoticed, as presenters focus all of
their attention on their talk, and hence on their slides.

However, the interaction between the user and the device
can also be carried out and enhanced using other human
senses or capabilities. Using different noti cation modal-
ities can lead to a better user experience by more effec-
tively grabbing peoples' attention [Lazaro et al., 2021]. If
one modality is occupied or unavailable, another one can
be used to ensure successful interaction with the interface
[Freeman et al., 2017]. Many applications integrating addi-
tional haptic and auditory feedback are based on Wickens'
theory [Wickens, 2002]. The main idea is that in user in-
teraction design, it is essential to distribute different tasks
across sensory modalities to reduce perceptual load and
improve task performance [Freeman et al., 2017, Wickens,
2002]. The delivery of noti cations depends on many as-
pects, such as individual user preferences, the ongoing task
and environmental in uences [Lazaro et al., 2021]. Thus,
when examining how noti cations should be designed, the
speci cs and context of the task need to be considered.

Research in this eld investigated haptic communication
using a handheld device to provide assistive cues to the
speaker Tam et al. [2013], visual feedback modalities by
displaying noti cations on an ambient display in a smart
home context Voit et al. [2021], or by using light illumina-
tion as a subtle noti cation mechanism Pohl et al. [2016].
Combinations of different sensory modalities have also
been studied to improve access for people with visual im-
pairments Vitense et al. [2002] or to present noti cations in
an augmented reality environment Lazaro et al. [2021]. De-
spite a large amount of literature on noti cations, research
focusing on presenting noti cations in an online meeting
environment is quite limited. Most studies have concen-

https://zoom.us/ (  Accessed: November 7, 2022



1.1 Outline 3

trated on face-to-face meetings [Tam et al., 2013, Damian
and Andr &, 2016]. Therefore, with this work, we aim to in-
vestigate the problem of the overloaded visual modality in
online presentations to improve the presenter's experience.
We want to focus on the impact of the different noti ca-
tion modalities without interfering with the attention span

of the presenter. Speci cally, we explore and evaluate the
effectiveness, user experience and the users' workload of
the main communication feedback modalities, such as vi-
sual, auditory, and vibrotactilefeedback, on awrist-worn de-
vice. In situations where users need to devote their total
concentration to their primary activity, for example, dur-
ing a presentation or while driving, noti cations on wear-
able devices, such as smartwatches, can be a valuable alter-
native for conveying supplementary information to users
[Graham-Knight et al., 2020].

Therefore, we conduct a user study to explore the use of a We conduct a user
wearable device on the wrist to deliver supplemental noti - study to investigate
cations during online presentations. We compare the visual different modalities of
noti cations already integrated into Zoomwith the addi- the wrist-worn

tional noti cations coming from our wrist-worn prototype. device.

We want to explore how presenters perceive different no-
ti cation types and interpret and process their meanings
while engaged in a primary task, such as giving a presenta-
tion. Our results can help understand the impact of wrist-
worn noti cations on visual attention and mental workload
and could improve presenter performance and digital col-
laboration in online meetings.

1.1 Outline

This work is organized as follows:

Chapter 2 gives an overview of research work that relates
to the topic of this thesis, in particular different noti cation
modalities, challenges of public speaking, and possible in-
formation placements.

In Chapter 3, we will present the selected noti cation
modalities for our own wrist-worn prototype focusing on
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providing additional information during online presenta-
tions.

Next, in Chapter 4 we present an experiment with 16 par-
ticipants: we investigated how users perceive and interpret
noti cation techniques involving different modalities.

In Chapter 5, we will summarise our conclusions and re-
veal further ideas for future work.



Chapter 2

Related work

In this Chapter we are going to give an overview on already
conducted research that has investigated the effects of dif-
ferent modalities for presenting noti cations while execut-
ing a primary task. Then we address the public speaking
context and the challenges that people have encountered in
the last two years of the pandemic. Moreover, we will take
a look at the possible placements for supplemental noti ca-
tions during online meetings and illustrate what motivated
us to investigate the communication via a wrist-worn de-
vice.

2.1 Noti cations Modalities in HCI

Noti cations are intended to grab the users' attention
through the active provision of information [Igbal and Bai-
ley, 2011, Pielot et al., 2018]. This information comes in
a variety of different forms, which we generally process
through our different senses [Wallace and Stevenson, 2014].
The channels we use to perceive the events and objects
around us are sensory modalities - sight, hearing, touch,
smell, and taste. Current interactive systems utilize noti -
cations to inform users of incoming messages or upcoming
appointments, updates, and reminders.

Noti cations grab the
user's attention by
actively providing
current information.



2 Related work

Figure 2.1: Modalities from left to right: Abstract Visual, Audio, Tactile, Olfactory.
Figure taken from Warnock et al. [2011].

Disabling
noti cations can lead
to anxiety and stress.

Noti cations can
affect the
performance of
primary tasks.

The number of noti cations is constantly increasing due to
the rise of mobile and desktop applications [Roumen et al.,
2015, Pielot et al., 2014].

Desktop noti cations can be bene cial in many situations
but at the same time, permanently appearing pop-up mes-
sages or short sound alerts can also be distracting and
straining [Rzayev et al., 2019]. However, completely dis-
abling noti cations could lead to restlessness and stress be-
cause people are afraid of missing important information
[Pielot and Rello, 2015, Rzayev et al., 2019]. Consequently,
during online meetings, it is necessary to keep the presen-
ter aware of incoming noti cations, but at the same time,
without distracting from the primary task.

2.1.1 Noti cations in a Smart Home Context

Noti cations play a central role in conveying important
and up-to-date information. However, the fact that noti-
cations affect the performance of primary tasks and po-
tentially lead to unwanted consequences has been known
for a long time [Voit et al., 2021, Lazaro et al., 2021]. For
several years, researchers have been focusing on the impact
of different noti cation techniques in smart home environ-
ments [Vastenburg et al., 2009, Warnock et al., 2011, Voit
et al., 2021].

Warnock et al. [2011] investigated each of the human
senses except taste - sight, smell, hearing and touch - to
nd out which of these modalities would be most suit-
able for providing information to users in the home en-
vironment. They compared standard traditional noti ca-
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tions in the form of text and pictograms with noti cations
that use these four human senses. In the experiments per-
formed, text and icons appeared on the top of the laptop
screen. The visual channel was represented by an abstract
peripheral light, displayed on the wall next to the partici-
pant via a projector. Sound noti cations were transmitted
through headphones, while touch was stimulated through
the signals of a vibrotactile actuator attached to the wrist.
Olfaction was stimulated by a fan-driven device spread-
ing different smells. All of the above mentioned commu-
nication techniques used in the study are shown in Figure
2.1. For the user study Warnock et al. chose a computer
card-matching game, requiring a high level of concentra-
tion. During each game participants received noti cations
at random intervals. Responding to the incoming stimuli
by pressing buttons was a secondary task. The results in-
dicated that response accuracy and response time for the
visual and auditory modalities were higher than for the
tactile and olfactory modalities. The main ndings of this
study are as follows: (1) on the one hand the modalities do
not affect the performance of the primary task, but (2) on
the other hand they do affect the perception of incoming
noti cations [Warnock et al., 2011].

2.1.2 Noti cations in Augmented Reality

This approach of comparing different modalities to gather
people's interpretation and experience, but here in the con-
text of augmented reality, was used in the research work
of Lazaro et al. [2021]. Augmented Reality (AR) stands
for new intelligent systems that combine real world and
virtual objects to change the perception of environments
and provide additional information about the surround-
ings. AR technology can be used not only with mobile de-
vices but also with head-mounted displays. Lazaro et al.
[2021] explored interaction with this kind of device. Sim-
ilar to computer and laptop displays, AR head-mounted
displays (HMD) have a quite limited space for interaction,
which can lead to problems regarding traditional pop-up
noti cations by interrupting and disrupting the user's on-
going task.

According to
Warnock et al.
[2011], the modalities
affect the perception
of incoming

noti cations but not
the performance of
the primary task.

Lazaro et al. [2021]
explored visual,
auditory, and
multimodal
modalities for
presenting
noti cations within
the AR system.
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In their study, a
combination of visual
and auditory
modalities achieved
the shortest
response time.

Public speaking is a
highly cognitive task
that requires
concentration and
attention.

The noti cation modalities used in this study were repre-
sented by visual, auditory, and multimodal channels. Vi-
sual noti cations appeared as a red bell-shaped icon in
the upper corner of the screen in the user's eld of view.
The auditory channel was triggered by a sound similar to
the familiar noti cation tone in mobile phones. The mul-
timodal communication combined the two modalities de-
scribed above. The primary task involved the process of
searching for items in AR and classifying them into cat-
egories. In the meantime, participants had to respond to
randomized alerts. Recognition rate, user preferences, and
task performance were measured for each modality [Lazaro
et al., 2021].

The key ndings showed that the combination of auditory
and visual noti cations were recognized faster compared
to the other two unimodal noti cation techniques. The ma-
jority of participants preferred multimodal noti cations. It
was observed that the auditory signal attracted users' atten-
tion, while the visual signal was used only for con rmation
[Lazaro et al., 2021]. About 50% of the noti cations were
not detected in unimodal condition. This can be explained
by the occupation of the visual channel while focusing on
the primary task. According to Lazaro et al., "visual cues
alone may not be an appropriate noti cation signal for in-
system AR tasks” [2021].

2.2 Public Speaking

As for public speaking, it is essential to acknowledge that
presenting in front of an audience requires a high level
of attention and concentration [Tam et al., 2013, Murali
et al., 2021]. During oral presentations, presenters usu-
ally need to control their voice and intonation, speech con-
tent, and the effective use of non-verbal cues [Chen et al.,
2015]. Monitoring these qualities and providing additional
attention to the audience indicate that public speaking is a
highly cognitive task [Tam et al., 2013]. In fact, even expe-
rienced presenters face an overload of visual and aurally
sensory channels [Tam et al., 2013].



2.2 Public Speaking

Public speaking is an important skill in professional careers
as well as in education [Lee and Kleinsmith, 2019]. The
COVID-19 pandemic resulted in a dramatic change in in-
dustrial and academic elds. It has caused a shift from face-
to-face meetings to digital meetings. In order to be able to
continue work activities without physical contact, the use
of online video conferencing tools has increased rapidly
[Lee et al., 2022].

Over the past two years of experience with the videocon-
ferencing applications, users have encountered many chal-
lenges associated with online meetings [Lee et al., 2022, Ki-
mani et al., 2021]. Lee et al. analyzed unmet user needs
with 167 problematic situations in online conferencing. The
authors looked at potential new design directions to im-
prove the quality and experience of video conferencing.
For this purpose, numerous interviews were conducted in
Zoomwith people who had participated in at least 50 video
conferences during the pandemic. Participants shared their
experiences, distracting moments, and speci ¢ needs from
their perspectives. As a result, unintentional user actions,
such as starting a presentation without screen sharing, re-
vealing personal information, speaking on mute or forget-
ting to turn off the sound, and extraneous noise are the
most common distracting factors for users [Lee et al., 2022].
Participants also mentioned distracting experiences related
to the usability of the videoconferencing tool. One par-
ticipant reported constantly missing messages in the chat,
when sharing the screen. In addition, participants have of-
ten complained that they do not have another option to in-
form other participants about their current status without
interrupting the meeting.

The researchers were also interested in participants' as-
sumptions about whether they would continue to use
videoconferencing platforms in the post-covid period. 72%
of the respondents are con dent in the continued active use
of these applications. According [Lee et al., 2022], a key
nding is that "users have high expectations and demands
for technologies and designs that current video conferenc-
ing tools do not support” [Lee et al., 2022].

Due to the pandemic, it has also become clear that some
jobs that previously had to be done in the of ce can actually

Lee et al. analyzed
the problems people
have encountered in
video conferencing
over the past two
years.
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2 Related work

In contrast to online
meetings, presenters
have direct contact
with the audience
during face-to-face
conferences,
allowing them to
receive immediate
feedback from
listeners.

be done remotely [Sytch et al., 2020]. This indicates a fur-
ther need to investigate the video conferencing in order to
improve the user experience. For several years, numerous
systems have been developed to support presenters. How-
ever, most of the studies have concentrated on face-to-face
meetings [Tam et al., 2013, Damian and André, 2016]. When
giving in-person presentations, presenters speak in front of
a real audience in the same room. In contrast to online pre-
senters, they have a signi cantly larger eld of view and
have direct access to the listeners, enabling them to imme-
diately perceive visual cues (e.g., raised hands, facial ex-
pressions) and auditory cues (e.g., volume in the room, ver-
bal responses) from the audience.

Regarding the eld of videoconferencing, many researchers
have focused on developing systems that imitate the expe-
rience of face-to-face meetings. In order to create a more re-
alistic experience during a video conference Mehrotra et al.
[2011] designed a system that allowed the spatial adapta-
tion of outgoing sounds depending on the participant's po-
sition. Murali et al. [2021] used neural networks to analyze
human facial expressions and head gestures of online meet-
ing members to highlight the most active participant as ad-
ditional real-time feedback for the presenter.

However, previous studies have not investigated the prob-
lem of the overloaded visual channel while giving a pre-
sentation online. Video conferencing tools, in general, pro-
vide information to users in a single sensory modality in
the form of visual noti cations. A poor or insuf cient use

of sensory modalities in information transmission can lead
to loss of data and frustration. One possible method for not
overloading the feedback modality used for the primary
task and providing a reliable noti cation system is to ex-
amine other sensory modalities [Kotowick and Shah, 2017].

2.3 Information placement

When developing supplementary noti cations for presen-
ters, an optimal placement needs to be discovered that
would allow users to stay up-to-date without being dis-
tracted from the primary task.
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Figure 2.2: Shape changing noti cations. Figure taken from
[Jones et al., 2017].

2.3.1 Peripheral Locations

Staying concentrated and yet being informed are usually in
con ict with each other. One solution to solve this prob-
lem is to take advantage of peripheral vision [Raudanjoki
et al., 2020]. In a research conducted by Jones et al. [2017],
near and far peripheral locations were compared to de-
termine the optimal location for shape changing noti ca-
tions. Their purpose was to investigate an alternative, non-
distracting way for notifying people working on a com-
puter about non-urgent information. Jones et al. [2017] fol-
lowed calm technology, the idea of which is that technolo-
gies are less distracting when information is transmitted
at the periphery [Weiser and Brown, 1997]. The prototype
used for shape changing noti cations is depicted in Figure
2.2. This small 5cm x 13cm device changes its shape from
at to lifted in 20 seconds when electrical current is applied.

They conducted a user study to test the effect of these noti-
cations and to nd out which location should be preferred
depending on a person's main task. The device was placed
on the participant's desk near the laptop. Two different lo-
cations were investigated: near and far locations, as shown
in Figure 2.3. The primary task involved solving arithmetic
problems, and the secondary task required responding to
incoming noti cations.

The transmission of
information in the
periphery of human
vision is less
distracting from the
primary task.

Jones et al. [2017]
investigated near
and far peripheral
locations for shape
changing

noti cations.
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Figure 2.3: The apparatus on the participant's desk for the
user study. Figure taken from [Jones et al., 2017].

According to the results, the near periphery is a bene cial
and applicable information placement for achieving the fol-
lowing criteria:

» Users are not distracted from the main task

* Noti cations are easily detected

2.3.2 Wrist Location

In recent years, there has been considerable interest in
wearable interaction devices. One of the most perspective
and commonly used locations for interaction on the human
body is the wrist [Pohl et al., 2016]. The fact that smart-
watches resemble conventional wristwatches, both in terms
of where they are worn on the body and their visual ap-
pearance, led to quick social acceptance as new technical
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Figure 2.4. Body map. The darker the green is the more likely a device should be
placed on the body in the location. Image adapted from Zeagler [2017].

devices. Modern smartwatches typically use visual and vi-
brotactile feedback for user interaction [Pohl et al., 2016].
Because of the close and direct contact with the skin, the
area around the wrist provides an ideal location for haptic
communication.

The entire wrist can be involved in an interaction to trans-
mit information. This offers a possibility to provide haptic
feedback over the complete area. A wrist-worn device has
already been used to study human perception of thermal
feedback [Freeman et al., 2017]. Furthermore, this on-body
location has been utilized by Hong et al. [2017] to assist
people with visual impairments. They integrated multiple
vibration motors into a wristband for hand-guided navi-
gation. Another application for wrist-based haptic feed-
back was discovered in the context of face-to-face presenta-
tions. Tam et al. [2013] have developed a handheld device
that provides tactile cues to the speaker during the presen-
tation to facilitate time management.

Regarding visual feedback, it is necessary that visual cues
on wearable devices can always be detected. Harrison
et al. [2009] examined different body locations to determine
where wearable devices should be placed. They developed
small sensor-displays with ashing LED lights to send vi-

Positioning on the
wrist is suitable for
direct transmission of
haptic signals.
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The wrist location is
visible while reading,
typing, and gesturing

in conversation.

sual stimuli. The sensors were attached to seven positions:
shoulder, chest, upper arm, waist, wrist, thigh and feet. Ac-
cording to Zeagler [2017] body map (shown in Figure 2.4),
the majority of the positions considered in this study corre-
spond to the most popular locations for wearable technol-
0gy.

The participants within this study were asked to press the
button on the displays as quickly as possible when the
blinking light was noticed. During the study period (about
two hours), almost all participants were either working on
the computer or reading. The wrist position achieved the
best results showing the shortest response time and the
lowest error rate. As stated by Harrison et al. [2009], this
location seemed to be the most visually accessible during
reading, typing, and gesturing in conversation.
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Chapter 3

Noti cation Modalities
on the Wrist

Before presenting our wrist-worn prototype and the noti -
cation design, we rst discuss the modalities we chose for
exploring supplemental noti cations during online meet-
ings.

3.1 Choice of Noti cation Modalities

Vision is our most important and complex sensory modal-
ity. Most information is processed through this sensory
channel. Thus, visual feedback is particularly prevalent
in human-computer interaction. Today's videoconferenc-
ing tools generally use only unimodal visual feedback pro-
vided on the display, which could lead to an overload of the

visual sensory channel and cognitive processing capacities.

However, noti cations involving the visual channel for
communication can be presented in many different ways.
We are interested in considering visual feedback as an in-
formation delivery mechanism in a form different from tra-
ditional digital noti cations on the screen. According to the
research presented in Section 2.3.1, placing the noti cation
in the near periphery is suitable for situations where one

Most information is
processed through
the visual channel.

We want to consider
visual feedback
forms different from
traditional visual

noti cations.
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3 Noti cation Modalities on the Wrist

Haptic feedback has
been used in
previous research to
provide supportive
cues to presenters.

Auditory modality
can be used for
conveying important
messages.

We developed a
wrist-worn prototype
to explore different
modalities.

needs to focus on the primary task without being distracted
by the noti cations.

The user-device interaction could also be improved using
other human senses. If one modality is occupied, another
one can be used to reduce perceptual load and improve task
performance [Freeman et al., 2017]. Therefore, itis essential
to explore other possible noti cation modalities. Tam et al.
[2013], Damian and Andr € [2016] investigated the potential
of real-time haptic feedback for the presenter during face-
to-face meetings. Both studies show that vibrotactile feed-
back is a viable candidate for the communication during a
presentation, as the speakers do not have to focus their eld
of view on the feedback device.

Auditory feedback also has great potential to enrich the
user-device communication during tasks that orient a
user's attention visually. The previous research has demon-
strated that non-speech audio can be used for contextu-
ally important messages [Freeman et al., 2017]. Based on
the research ndings in Section 2.1.2, the multimodal feed-
back combining auditory and visual noti cations was rec-
ognized faster and preferred compared to the unimodal in-
formation delivery mechanism. According to Lazaro et al.
[2021], the non-speech audio signals are essential for noti -
cation recognition.

Regarding the human sense of smell, we have not included
the olfactory feedback in our further investigation. Existing
research demonstrates that noti cations stimulating olfac-
tion are not yet ef cient enough for communication requir-
ing immediate action by the user [Dmitrenko et al., 2017].

3.2 Wrist-Worn Prototype

We created a hardware prototype for incoming noti cations

in order to investigate the different modalities on the wrist-
worn device. Our prototype consists of three main com-
ponents: a NeoPixel ring, a vibration motor and a piezo
element, shown in Figure 3.1. Each component is designed
to be perceived either by sight, hearing or touch.
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